Members of the actin family of proteins exhibit different biochemical properties when ATP, ADP-P i , ADP, or no nucleotide is bound. We used molecular dynamics simulations to study the effect of nucleotides on the behavior of actin and actin-related protein 3 (Arp3). In all of the actin simulations, the nucleotide cleft stayed closed, as in most crystal structures. ADP was much more mobile within the cleft than ATP, despite the fact that both nucleotides adopt identical conformations in actin crystal structures. The nucleotide cleft of Arp3 opened in most simulations with ATP, ADP, and no bound nucleotide. Deletion of a C-terminal region of Arp3 that extends beyond the conserved actin sequence reduced the tendency of the Arp3 cleft to open. When the Arp3 cleft opened, we observed multiple instances of partial release of the nucleotide. Cleft opening in Arp3 also allowed us to observe correlated movements of the phosphate clamp, cleft mouth, and barbed-end groove, providing a way for changes in the nucleotide state to be relayed to other parts of Arp3. The DNase binding loop of actin was highly flexible regardless of the nucleotide state. The conformation of Ser14/Thr14 in the P1 loop was sensitive to the presence of the γ-phosphate, but other changes observed in crystal structures were not correlated with the nucleotide state on nanosecond timescales. The divalent cation occupied three positions in the nucleotide cleft, one of which was not previously observed in actin or Arp2/3 complex structures. In sum, these simulations show that subtle differences in structures of actin family proteins have profound effects on their nucleotide-driven behavior.
Introduction
Actin filaments form cytoskeletal and contractile structures vital to cellular function. 1 Actin monomers bind ATP in a deep cleft and hydrolyze it shortly (k = 0.3 s − 1 ) after incorporation into filaments. 2 The ADP-P i intermediate slowly releases the γ-phosphate, 3 leaving nonexchangeable ADP bound to most subunits in filaments. Bound nucleotides are not required for polymerization, but nucleotide-free actin denatures rapidly 4 and each nucleotide state of monomeric and filamentous actin has different polymerization properties. 5 The nucleotide bound to actin monomers and filaments also influences the affinities for binding proteins, including actin depolymerizing factor/cofilin, 6 β-thymosins, 7 and profilin. 8 Since the first crystal structure of actin was solved in 1990, 9 much effort has been devoted to investigating how the bound nucleotide influences the conformation and activity of the protein. Crystal structures and electron microscopy have revealed different conformations of the DNase binding loop (His40-Asp51) and changes in the width of the nucleotide binding cleft. However, the conformations of ATP-actin and ADP-actin are remarkably similar in most actin crystal structures, so we lack a consistent basis for the observed differences in biochemical assays.
Crystallization of actin monomers requires point mutations, covalent modification, or association with other proteins, and the resulting structures tend to vary based on modification strategies or crystallization conditions. For example, in crystals of actin with tetramethylrhodamine coupled to Cys374, the DNase binding loop is folded into an α-helix with bound ADP 10 but has no secondary structure with bound ATP 11 (see Fig. 1a ). However, the DNase binding loop is disordered in crystal structures of both ATP-actin and ADP-actin with two point mutations in subdomain 4 to prevent polymerization. 12 Variations in the nucleotide binding cleft also depend on crystallization conditions. In most crystal structures of actin, the nucleotide binding cleft is closed around either ATP or ADP. [13] [14] [15] [16] [17] [18] So far, the cleft is open only in certain crystals of ATP-β-actin bound to profilin, where the P1 and P2 loops were separated by an additional 3 Å from closed conformations. 14 However, the cleft was closed in crystals of the same complex grown in different conditions. 15 On larger length scales, reconstructions of electron micrographs of budding yeast actin filaments show the nucleotide cleft open in ADP filaments and closed in ADP filaments in beryllium fluoride (to mimic ADP-P i ). 16 The actin-related protein (Arp) 2/3 complex is an assembly of seven proteins that nucleates branched actin filaments in response to extracellular signals. 17, 18 The two subunits in the complex, Arp2 and Arp3, are closely related to actin (45% and 36% sequence identity to actin, respectively), have the same fold, and bind ATP. A crystal structure of the α trace of Arp3 indicating terminology of essential structural features. Red C α trace shows regions that were disordered in crystal structures and modeled for the simulations. We defined five distances (A-D) to monitor changes in the structures. Distance A (black) defines the width of the subdomain 3/4 notch, a pocket between subdomains 3 and 4 that binds the adenine ring and ribose. Distances B1 (red) and B2 (green) define the width of the phosphate clamp [see (c)]. The phosphate clamp is composed of the P1 and P2 loops, β-strands with hairpin turns that line each side of the nucleotide cleft and directly contact the phosphates. Distance C (blue) measures the width across the cleft mouth, the region between subdomains 2 and 4 near the top of the nucleotide binding cleft. Distance D (orange) defines the width of the barbed-end groove, the region between subdomains 1 and 3 that is opposite to the cleft mouth. The C α atoms from actin or Arp3 used to define the distances are as follows: A, Glu214/ 229-Met305/327; B1, Ser14/Thr14-Gly158/173; B2, Gly15/15-Asp157/172; C, Gly59/67-Glu207/222; and D, Leu163/ Thr148-Phe352/Phe390. (c) Detail of ATP binding cleft of Arp3 (PDB accession code 1TYQ) showing hydrogen bonds between the P loops and the phosphates. The residues that contact the nucleotide are identical or similar in actin and Arp3, and the mode of interaction is conserved. nucleotide-free crystals of Arp2/3 showed Arp3 in an open conformation and Arp2 with subdomains 1 and 2 so flexible that no electron density was present in the maps. 19 Soaking these crystals in ATP caused the nucleotide cleft of Arp3 to close, while soaking them in ADP did not, giving weight to the possibility of an open conformation of ADP-actin. 20 ATP bound subdomains 3 and 4 of Arp2, but the disordered subdomains 1 and 2 did not close around the nucleotide unless the crystal was chemically crosslinked with glutaraldehyde. 21 Simulations of actin dynamics have run the gamut from density functional calculations of the active site to coarse-grained filamentous actin networks. [22] [23] [24] [25] [26] [27] [28] [29] All-atom simulations on nanosecond timescales have been helpful in complementing structural experiments. Most relevant to this study are molecular dynamics (MD) simulations of monomeric actin up to 50 ns in explicit water, where the nucleotide binding cleft of actin stayed closed when bound to both ATP and ADP. 29 A simulation of actin-profilin showed that the open nucleotide binding cleft as observed in crystal structures 14 was unstable when profilin was replaced with water. 25 Here, we used MD simulations to study conformations of actin and Arp3 in a variety of nucleotidebound states on the nanosecond timescale. These simulations have given us insights into several aspects of the effect of nucleotides on actin family proteins, including differences in the overall flexibility of actin and Arp3, responses of residues lining the nucleotide cleft, relay of structural changes outward from the cleft, pathways for partial release of the nucleotide, and the effect of the divalent cation on protein dynamics.
Results

Overview of simulations
We simulated the dynamics of actin and Arp3 for 8 and 5 ns, respectively, at 37°C and 1 atm with bound ATP or ADP or without nucleotide (apo). In some cases, the nucleotide was changed at the onset of the simulation, for example, swapping ADP into an ATP crystal structure prior to solvation (ATP → ADP). This section and Table 1 provide an overview of the results for 12 simulations. The following sections use all of the simulations to draw conclusions about the dynamics of actin and Arp3.
The overall conformations of both ATP-actin and ADP-actin changed little during 8 ns of simulation time (Supplemental Figs. SF1A and SF1B). The P1 and P2 loops of actin remained tightly clamped around both nucleotides, but the conformation of ADP itself changed within the closed nucleotide cleft (details below). In the ATP-actin simulation, the initially unstructured DNase binding loop (His40-Asp51) remained unstructured and was the most mobile part of the protein. The DNase binding loop of the ADP-actin structure started as an eightresidue α-helix and relaxed to a more loosely coiled five-residue π-helix. When we replaced ATP with ADP at t = 0, followed by solvation, helix αG (Glu224-Ser235) underwent large displacements but the DNase binding loop did not fold into an α-helix during 8 ns of simulation time. After replacing ATP with water (ATP→APO) at t = 0, the P1 loop collapsed into the area previously occupied by ATP but the cleft did not open, as previously predicted.
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Despite this distortion of the phosphate clamp, the overall dynamics of apo-actin were similar to the dynamics of ATP-actin and ADP-actin (not shown).
The backbone of Arp3 was more flexible than that of actin in our simulations. In the ATP-Arp3 and ADP-Arp3 simulations, the nucleotide binding cleft opened and underwent large oscillating motions, allowing the nucleotide to jiggle in the cleft and be partially released. The most dynamic parts of Arp3 were the DNase binding loop, the β12/β13 loop, and the αK/β15 insert (Fig. 1a ). These features also had the highest B-factors or were disordered in crystal structures. 19, 21, 30 When ATP was added to nucleotide-free Arp3, the cleft did not close, as observed in Arp2/3 complex crystal structures, but opened in a fashion similar to the other Arp3 simulations.
Actin favors a closed cleft, whereas Arp3 favors an open cleft
The nucleotide binding cleft of actin remained closed throughout the simulations, whereas the cleft of Arp3 opened consistently. In both proteins, the bound nucleotide had subtle effects on overall conformations on the timescales studied here. For all actin simulations, B2, the width of the phosphate clamp ( Fig. 1b and c) , stayed close to the starting distance of about 5 Å, with a standard deviation of less than 0.25 Å (Fig. 2a) . In all but two of the Arp3 simulations, the clamp opened to a relatively stable distance of about 9 Å (∼11 Å for the ADP-Arp3 simulation, see below), 1 Å greater than that observed in any Arp2/3 complex crystal structure ( Table 1) . The Arp3 phosphate clamp also fluctuated more than the actin phosphate clamp (Fig. 2a) . The cleft mouths of actin and Arp3 followed the same trends as the clamp (Fig. 2b) ; while the width of the cleft mouths of both actin and Arp3 fluctuated more than the phosphate clamp, the mouth stayed closed in all actin simulations but opened in Arp3 simulations. The exceptions were a simulation of ATP-Arp3 at 4°C, where adding ATP to the cleft in an intermediate position caused it to close stably around the nucleotide for the entire 5-ns trajectory (Fig. 5c) , and a simulation of an Arp3-actin chimera at 37°C, in which the phosphate clamps were closed or intermediate throughout most of the simulation and the cleft mouth stayed closed, as discussed below.
ADP is less stable than ATP in the actin nucleotide binding cleft
The ATP and the phosphate clamp were remarkably stable during 8 ns of simulation of ATP-actin. a Simulation nomenclature indicates nucleotide state in starting crystal structure and during simulation (e.g., ATP → ADP indicates that the nucleotide was removed from the ATP-containing crystal structure and replaced with ADP at the onset of the simulation). For simulations in which the nucleotide state in the simulation was not changed from the starting crystal structure, a shortened nomenclature is used in the text (e.g., the ATP → ATP actin simulation simply becomes ATP-actin).
b Arp3-actin chimera is residues 370-375 of actin appended to the C-terminus of the 1-407 fragment of Arp3 from 1TYQ. c The phosphate clamp opened during the last 0.5 ns in this simulation. d The down position was occupied briefly for two brief periods during the last 1 ns of this simulation. e Distortion of the phosphate clamp and sensor loop occurs in this simulation; therefore, this parameter was not compared with other simulations.
The starting and final conformations of ATP itself and those of the phosphate clamp were nearly identical (Fig. 3a) . Of five hydrogen bonds between the γ-phosphate (nonbridging oxygen atoms) and phosphate clamp, three were maintained throughout more than 90% of the simulation. The hydrogen bond between the γ-phosphate and the backbone amide of Val159 was lost after about 2 ns (Fig. 3b) and may have contributed to the upward flip of Val159 (Fig. 3a) . We consider the significance of this conformational change below. The hydrogen bond between the backbone amide of Asp157 and the γ-phosphate was maintained through 67% of the simulation trajectory.
Removal of the γ-phosphate destabilized the nucleotide. In the ADP-actin simulation, ADP started in the "standard" conformation (i.e., the same conformation as ATP in the ATP-actin simulation but with the absence of the γ-phosphate) (Fig.  3c) . However, the O4′-C4′-C5′-O5′ dihedral angle, which measures the position of the arm connecting the phosphate chain to the ribose, underwent multiple torsional flips (Fig. 3d ) before stabilizing in a new position with a torsion angle near 180°. We refer to this position as the "bent" conformation, because it was observed in the crystal structure of ADP-Arp2/ 3 complex in which ADP adopts a unique bent conformation in an open nucleotide cleft. 20 Shortly after the ribose-phosphate adopted the bent conformation, the calcium ion moved approximately 2 Å toward the P2 loop side of the cleft. In this position, the calcium contacted Asp154 directly and the phosphates pointed directly down into the cleft. This conformation was maintained through the last 4 ns of the simulation. The rearrangements of ADP resulted in higher RMS fluctuations of the atoms in the nucleotide (Fig. 3e) . These rearrangements were not expected based on the similarity of ATP and ADP in actin crystal structures. The movement of the calcium was also unexpected, as discussed below. We observed similar fluctuations of the O4′-C4′-C5′-O5′ dihedral angle and the calcium position in the simulation where we swapped ADP into ATPactin at t = 0, providing further evidence that ADP is less stable in the actin cleft than ATP.
Partial release of ATP and ADP in Arp3 simulations suggests multiple pathways for nucleotide dissociation and association
Opening of the nucleotide cleft in Arp3 simulations resulted in partial release of the nucleotide. Three major sets of contacts must be lost for nucleotide to dissociate from actin or Arp3. The notch between subdomains 3 and 4 provides a hydrophobic binding site for the adenine ring and a complementary surface with two hydrogen-bond acceptors for the ribose ring. The P1 and P2 loops provide the second set of contacts, forming the phosphate clamp. The divalent cation is the third anchor for the nucleotide; it coordinates the phosphates and makes direct or water-mediated contacts to residues lining the cleft.
The protein-nucleotide contacts dissociated in a different order in three simulations of Arp3 with bound nucleotides. However, in all cases, the phosphates lost contact with the P2 loop before losing contact with the P1 loop and tracked with the P1 side of the clamp as it opened. These are consistent with the transient breaking of the hydrogen bonds between the γ-phosphate and the P2 loop in the ATP-actin simulation (Fig. 3b) .
In the ATP-Arp3 simulation (Fig. 4a) , the phosphates lost contact with the P2 loop at 100 ps but remained hydrogen bonded to P1 on the other side of the clamp. After a further 1.7 ns, the adenine ring and ribose slipped out of the subdomain 3/4 notch. The calcium and the P1 loop retained the nucleotide in the cleft for the rest of the simulation.
In the ADP-Arp3 simulation ( Fig. 4b ), ADP started in the bent conformation and did not contact the calcium. The adenine and ribose rings immediately slipped out of the subdomain 3/4 notch. The loss of contacts to the protein allowed the adenine end of the nucleotide to fluctuate dramatically throughout the remainder of the simulation, while the phosphates remained relatively stable. The average RMS fluctuation for atoms in the adenine ring was 0.82 Å in the simulation of ADP-Arp3, whereas it was only 0.36 Å in the ADP-actin simulation. The phosphates lost contact with the P2 loop but stayed hydrogen bonded to the P1 loop until the last 0.5 ns. For the last half nanosecond, the nucleotide was anchored to the cleft by calcium and through hydrogen bonds with the guanidinium group of Arg374 and van der Waals interactions with the aliphatic portion of its side chain.
In the simulation where ATP was added to nucleotide-free Arp3 before equilibration, the adenine ring and ribose stayed bound to the subdomain 3/4 notch (Fig. 4c) . The phosphates lost contact with the P2 loop and tracked with the P1 loop as the clamp opened. At 3.3 ns, the contacts with the P1 loop were also lost but ATP remained anchored by the calcium ion, which was centered in the cleft and made only water-mediated contacts with the protein. 
A conserved C-terminal extension of Arp3 contributes to the tendency of the nucleotide binding cleft to open
We compared structures of actin and Arp3 for features that might explain the greater flexibility of the cleft of Arp3. The interactions with the bound nucleotides and hinge points for the rigid body motion that opens the cleft are largely identical. However, the C-terminus of Arp3 is five residues longer than that of actin. This extension of conserved residues forms a random coil that interacts with the hydrophobic barbed-end groove between subdomains 1 and 3 ( Fig. 5a and b) . Starting with the ATP-bound Arp3 crystal structure [Protein Data Bank (PDB) accession code 1TYQ], we created an Arp3-actin chimera by deleting five residues from the C-terminus of Arp3 and changing six residues at the newly created C-terminus to the corresponding residues in actin.
During a 5-ns simulation of this Arp3-actin chimera bound to ATP, both the phosphate clamp and the nucleotide cleft mouth showed a lower tendency to open than ATP-Arp3 ( Fig. 5c and d) . The phosphate clamp of the chimera stayed at a closed or an intermediate width until 4.5 ns, and the nucleotide cleft mouth stayed closed for the entire trajectory (Fig. 5c ). In contrast, the barbed-end groove opened to maintain a stable distance near 17 Å for 3 ns and was an average of 16.6 Å wide over the entire simulation (Fig. 5d) . This is near the width expected based on crystal structures of actin and Arp3 with closed nucleotide clefts (Fig. 5e ). In the ATP-Arp3 simulation, the width of the barbed-end groove decreased to maintain an average distance of 14.3 Å and the nucleotide cleft mouth opened dramatically to about 20 Å. In both simulations, the width of the nucleotide cleft mouth was inversely correlated with the width of the barbed-end groove. 
Movements of the nucleotide cleft mouth and phosphate clamp are correlated
The P1 and P2 loops line either side of the nucleotide cleft at the interface of the large and small domains. This geometrical arrangement may allow changes in the width of the phosphate clamp to be relayed to the nucleotide cleft mouth and vice versa. Crystal structures of actin and Arp3 suggest that this is the case, since increases in the width of the phosphate clamp are accompanied by increases in the width of the cleft mouth (Fig. 1d) .
Our simulations show that the clamp and cleft mouth are correlated in Arp3, since the metrics B1 and B2 open in tandem with distance C (Fig. 2a  and b ). In the actin simulations, the correlation is not clear because of the modest changes in these distances. Computing the dot product between two vectors (with the starting and ending positions of each C α constituting one vector), a technique called covariation analysis, provides another method to determine which residues move in tandem. 31 By this method, Arp3 has a higher degree of correlated movement than does actin due to the greater rigid body motions that occur in the Arp3 trajectory. The P1 and P2 loops of both proteins are correlated with multiple atoms in subdomains 2 and 4, respectively ( Fig. 6a and b) . Thus, although the correlation between the phosphate clamp and the nucleotide cleft mouth in Arp3 is obvious, it seems likely to exist in actin as well.
To understand the nature of correlated motions in actin and Arp3, we carried out principal component analysis on both proteins. 33 "Porcupine" plots of the first eigenvector for the Arp3 simulations show that the main dynamic mode of Arp3 is rotation of each domain about axes pointing out of the page and centered either in subdomain 2 or in subdomain 4 (Fig. 6d) . The nucleotide cleft motion is amplified moving from the center of the cleft to the cleft mouth, which is reflected in the large increases in distance C in the Arp3 simulations. The principal dynamic modes of actin appear less concerted due to the absence of large-scale rigid body motions in the actin simulations (Fig. 6c) . In the ATP-actin and the ATP → ADP actin simulations, for instance, modest fluctuations of the phosphate clamps seem to be unconnected to the rigid body motions that close the cleft mouth by an additional 2 or 3 Å relative to the starting conformation (Fig. 2b) .
The α-helix in the DNase binding loop is unstable in all nucleotide binding states tested
In the crystal structures of rhodamine-labeled actin, the DNase binding loop formed an α-helix when ADP was bound but was disordered when ATP was bound. 10, 11 These led to the hypothesis that the biochemical differences between ADPactin and ATP-actin are at least partially due to folding of the DNase binding loop into an α-helix after the dissociation of the γ-phosphate. In our ADP-actin simulation, the DNase binding loop started with eight residues in an α-helical conformation (Fig. 7a) . The helix partially unfolded at 1.7 ns, losing one turn (Fig. 7a) . At 2.5 ns, the loop unfolded further to form a π-helix, in which the backbone torsion angles were helical, but the backbone hydrogen-bonding arrangement switched from i + 4 to i + 5 (Fig. 7b) . No secondary structure formed in the DNase binding loop in either the ATPactin or the ATP → ADP swap simulations over 8 ns (Fig. 7a) .
The conformation of Ser14/Thr14 is sensitive to the nucleotide binding state but is not coupled to the conformation of the sensor loop on nanosecond timescales
Comparison of crystal structures of ATP-actin and ADP-actin shows that the absence of the γ-phosphate allows the P1 loop to move slightly inward and the hydroxyl of Ser14/Thr14 to rotate into the nucleotide cleft. [10] [11] [12] These changes are accompanied by flipping of the backbone carbonyl of Glu72/Arg79 in the adjacent "sensor loop." The sensor loop flip was proposed to promote folding of the DNase binding loop into an α-helix. 10 Our MD simulations show that the conformation of Ser14/ Thr14 is linked to the nucleotide state but that rotation of Ser14/Thr14 is not correlated with the sensor loop flip on nanosecond timescales. In simulations of ATP-actin, Ser14 was stable in the "out" conformation and the sensor loop stayed in the "up" conformation ( Fig. 8a) , but upon replacement of ATP with ADP, Ser14 immediately rotated into the "down" conformation in the nucleotide cleft to occupy the position previously occupied by the γ-phosphate. However, the sensor loop did not respond by flipping into the down position.
In simulations of Arp3 with bound ATP or ADP, both Thr14 and the sensor loop were stable in their starting conformations. However, in simulations without a bound nucleotide, both Thr14 and the sensor loop changed conformations, but these events were not tightly coupled in time (Fig. 8a) . For example, in the apo-Arp3 simulation, the sensor loop flipped down permanently after 1.5 ns during a temporary 3-ns inward flip of Thr14. In the simulation where ATP was removed from Arp3, the sensor loop flipped down at 0.8 ns and Thr14 flipped inward 3.7 ns later.
These observations show that in the absence of nucleotide, Thr14 and the sensor loop transiently adopt both of their alternative conformations observed in crystal structures on the nanosecond timescale but their conformations are not tightly coupled. It is unknown whether the conformations of Ser14/Thr14 and the sensor loop are coupled on longer timescales. The greater overall flexibility and the wider nucleotide cleft of Arp3-especially in the absence of nucleotide-may be more permissive of these changes than actin, allowing us to observe them in 5-ns simulations.
The position of Val159/174 is not correlated with the nucleotide binding state on nanosecond timescales
The conformation of Val159/174 in the P2 loop is proposed to be sensitive to the presence of the γ-phosphate. 16 This valine is found in either an "up" or a "down" conformation in Arp3 and actin crystal structures. 13, 21 With the side chain in the down position, the backbone amide of this residue can hydrogen bond to the γ-phosphate, but in the up position, it cannot. The up position of the valine may open up a path for phosphate to dissociate from the ADP-P i intermediate. We observed both conformations of the valine in our simulations, but they were not correlated with the nucleotide state.
We used the Ψ angle of Gly173 to monitor the position of Val159/174 during the simulations (Fig.  8b) . These valines changed very little relative to their starting positions in 9 of the 12 total simulations (Table 1) . However, in the ATP-actin simulation, Val159 started in the down position and flipped up after 3 ns (Figs. 3a and 7b) , about 1 ns after the γ-phosphate lost contact with the Val159 backbone amide. In ADP-Arp3, Val174 started in the up position but flipped down during the simulation. In the simulation where we added ATP to nucleotidefree Arp3, the valine occupied the down position twice briefly around 4.5 ns.
Calcium occupies multiple positions common to the nucleotide clefts of Arp3 and actin that influence nucleotide dynamics
In crystal structures of actin, a bound calcium exhibits heptagonal coordination to the β-and γ-phosphates and five water molecules, rather than contacting the protein directly. In our preliminary simulations of actin and Arp3, the calcium immediately moved to hydrogen bond to a conserved aspartate (Asp154/169) deep in the nucleotide binding cleft after constraints were released on the nucleotide and calcium. As described in Simulation Methods, we lowered the charge on the calcium in our production runs to reduce the electrostatic attraction to residues in the nucleotide cleft and more closely reflect the behavior in the crystal structures.
In our simulations, calcium occupied three stable positions in actin and Arp3 (Fig. 9a) . In all but one of the crystal structures of actin or the Arp2/3 complex, calcium occupies position A, where it coordinates a shell of water molecules hydrogen bonded to three conserved residues that line the nucleotide cleft: Asp154/169, Gln137/144, and Asp11/11. Only in the simulations presented here was calcium found in position B, directly contacting the backbone carbonyl of Ser155/170, the side chain carboxylate of Asp154/169, or both. Contact with Ser155/170 requires a torsional flip of the peptide backbone that has not been observed in crystal structures. In the open calcium-ADP Arp2/3 complex structure (PDB accession code 1U2V), calcium occupied position C, contacting Asp11 directly but not within hydrogenbonding distance of the phosphates. 20 The position of the calcium influenced the position of the nucleotide in our simulations. In the actin simulations, the bound calcium vacillated between positions A and B, populating the sites about equally with ATP bound but favoring the B site with ADP bound (Fig. 9b) . Movement of calcium into the B position drew the phosphates deeper into the nucleotide cleft, resulting in the temporary loss of contact between the γ-phosphate and the P2 loop in the ATP-actin simulation and the major rearrangement of ADP in the ADP-actin simulation (Fig. 3c) . In the Arp3 simulations, the position of the calcium influenced the pathway of partial nucleotide release. For instance, in the ATPArp3 simulation, calcium first occupied the B position but later moved into the A position to maintain contacts to the phosphates as the clamp opened and the phosphates tracked with the P1 loop (Fig. 4a) . In the ADP-Arp3 simulation, calcium occupied only the C position, where it contacted Asp11 from the P1 loop (Fig. 4b) . In this position, it could not link the phosphates to the P2 side of the nucleotide cleft. This may contribute to the greater opening of the phosphate clamp and cleft mouth in the ADP-Arp3 simulation as compared with the other Arp3 simulations. To determine whether our standard reduced charge on the calcium favored opening of the nucleotide cleft in Arp3, we ran a 5-ns simulation of ATP-Arp3 with the calcium charge set at + 2.0. In this simulation, both the phosphate clamp and the nucleotide cleft mouth opened with a trajectory very similar to the simulation in which the charge was + 1.2 (Fig. 9c) .
Discussion
ATP-actin and ADP-actin both favor a closed nucleotide cleft at 37°C
One proposed structural difference to account for the distinct biochemical properties of ADP-actin and ATP-actin is opening of the nucleotide cleft upon dissociation of the γ-phosphate. Reconstructions of electron micrographs of budding yeast actin filaments show the nucleotide cleft open in ADP filaments and closed in ADP filaments in beryllium fluoride (to mimic ADP-P i ). 16 Further evidence for an open ADP-actin state comes from crystal structures of the Arp2/3 complex, in which ADP-Arp3 adopts an open conformation. 20 However, an ATPbound profilin-actin complex is the only crystal structure of actin with an open cleft.
14 All ADPbound actin crystal structures are closed, suggesting that the closed state of ADP-actin monomers is the most energetically stable. In the simulations presented here, we show that both ATP-actin monomers and ADP-actin monomers remain closed around the nucleotide for the entirety of the 8-ns simulations in a constant NPT ensemble at energies of 37°C and 1 atm. The actin cleft also stayed closed around ADP for at least 50 ns at slightly lower temperature in another MD study. 29 In contrast, both ATP-Arp3 and ADP-Arp3 opened dramatically in 5-ns simulations, showing that motions necessary to open the Arp3 nucleotide cleft are accessible on the timescales we investigated. We note that the domain motions that open the cleft are very similar to those inferred from comparisons between closed crystal structures of actin and the open profilin-actin structure. 15 The Arp3 example suggests that these MD simulations should have revealed open conformations of monomeric ADPactin if they exist. The Arp3-actin chimera simulation showed how allosteric interactions can influence cleft opening. Further MD simulations and biophysical experiments are necessary to determine if similar allosteric interactions between adjacent subunits may affect the nucleotide cleft conformation in actin filaments.
Structural basis for differences between actin and Arp3
Vertebrate actins and Arp3 are 36% identical and have the same overall fold. The nucleotide binding clefts in the two proteins are identical, and residues that contact ATP in actin and Arp3 are conserved. Consequently, it is surprising that the proteins differ dramatically in at least three ways. The affinity of ATP for Arp3 (
34 is 1000-fold lower than that for actin (K d = 1.2 nM). 35 Once incorporated into a filament, actin hydrolyzes ATP, whereas significant ATP hydrolysis by Arp3 has not been detected. [36] [37] [38] Finally, in simulations here and elsewhere, 24, 29 actin remains tightly closed around its bound ATP or ADP, while here the nucleotide cleft of Arp3 opened with or without bound nucleotide.
Our simulations revealed a plausible mechanism to explain these differences: the C-terminal extension of Arp3 acts like an intrinsic profilin that binds the barbed-end groove and promotes the open conformation of the nucleotide cleft. Profilin, a small protein that binds to the barbed-end groove of actin, 15 can stabilize an open conformation 14 and binds with higher affinity to nucleotide-free actin than ATPactin or ADP-actin. 8 MD simulations have shown that removal of profilin from the open actin-profilin complex results in the closure of the nucleotide binding cleft of actin on nanosecond timescales. 25 Three lines of evidence support the hypothesis that the C-terminus of Arp3 acts like an intrinsic profilin. First, among the nine currently available crystal structures of the Arp2/3 complex, the 5 C-terminal residues of Arp3 that extend beyond the C-terminus of actin show a greater tendency to be ordered when the nucleotide cleft of Arp3 is open than when it is closed. [19] [20] [21] In the three Arp3 structures with open nucleotide binding clefts, an average of 3.4 of these 5 residues is ordered, while in the three structures with closed clefts, an average of 0.3 of these 5 residues is ordered. This difference suggests that stable interactions of the C-terminal extension with the groove between subdomains 1 and 3 facilitate closure of the barbed-end groove and promote the rigid body motion that opens the nucleotide binding cleft. Second, Arp3 lacking the C-terminal extension showed a dramatic reduction in its tendency to open (Fig. 5c) . Finally, both the residues in the C-terminus and those in the barbedend groove that contact it are well conserved in Arp3 from diverse species.
The observed opening of the cleft of ATP-Arp3 during the simulations was unexpected based on crystal structures of the Arp2/3 complex, where the nucleotide binding cleft of Arp3 is open in all of the nucleotide-free crystal structures but closed or intermediate in all three ATP-bound structures. The temperature offers one explanation for this difference, since the cleft of ATP-Arp3 did not open during a simulation at 4°C, the temperature for growth of Arp2/3 complex crystals.
Nucleotide-free actin does not open but the phosphate clamp collapses within 8 ns
Actin in solution is unstable without a nucleotide, 4 and therefore a crystal structure does not exist. The apo-Arp3, in contrast, is stable and adopts an open conformation in crystals of nucleotide-free Arp2/3 complex. 19, 21 These observations, coupled with the fact that the cleft must open to bind or release nucleotide without significant steric clash, led to the proposal that apo-actin opens in the absence of nucleotide. 11 This open state is expected to be on the path to unfolding and destabilization of the protein. However, after removing ATP from actin, the cleft stayed closed in our simulation. Shortly (0.2 ns) after removing ATP, the P1 loop collapsed inward into the space previously occupied by the nucleotide. The carbonyl of Ser14 from the P1 loop formed a hydrogen bond with the backbone amide of Asp157 that was stable for the remainder of the simulation. Despite this distortion, the C α atoms of apo-actin showed only slightly higher average RMS fluctuation values as compared with other actin simulations (∼ 1.1 versus 1.0 Å, see Table 1 ), indicating that expected denaturation did not occur in the time course of our simulation. This is not surprising given that the rate constant for the unfolding of nucleotide-free actin is 0.2 s − 1 . 4 Previously, it was noted that the second-order rate constant for Mg-ATP association with apo-actin is not diffusion limited, 35 and this may be so because apo-actin only transiently populates open conformational states.
The collapse of P1 in the absence of nucleotide raises questions about the mechanism of nucleotide exchange. It seems unlikely that after release of ADP the P1 loop would collapse, since this conformational change would inhibit subsequent ATP binding. One explanation is that the P1 loop does not collapse when profilin is bound and the cleft is open. We did not explore such a possibility here.
Relaying structural change from the phosphate clamp to the barbed-end groove and the mouth of the nucleotide cleft
Because the γ-phosphate of ATP interacts directly with the P1 and P2 loops in both actin and Arp3, it stands to reason that these loops may initiate conformational changes upon ATP hydrolysis and phosphate dissociation, providing one way for the bound nucleotide to influence the conformation of other parts of the protein. Here we have shown that changes in the phosphate clamp are relayed to both the barbed-end groove and the cleft mouth in Arp3. When the phosphate clamp opened in our Arp3 simulations, the P1 and P2 loops acted as levers, amplifying the opening motion from the base of the nucleotide cleft (near the axis for rigid body motion, see Fig. 6d ) toward the cleft mouth. Opening the nucleotide cleft decreases the width of the barbedend groove. Changing the width of the barbed-end groove alters the binding surface and could influence interactions with actin-binding proteins, thus providing a basis for the effect of nucleotides on their binding affinity.
While our simulations showed that changes in the phosphate clamp can be relayed to the barbedend groove and the cleft mouth, we found no evidence that the clamp opens in response to the loss of the γ-phosphate in actin or Arp3. The clamp stayed closed in our simulations of monomeric actin, regardless of the nucleotide binding state. It remains to be seen whether allosteric interactions within the filament or between actin and its binding partners alter the clamp's sensitivity to the γ-phosphate. The phosphate clamp opened in all but one of the Arp3 simulations at 37°C, including the ATP-Arp3 simulation. In contrast, crystal structures of the Arp2/3 complex have shown that Arp3 is sensitive to the presence of the γ-phosphate at 4°C. When apo-Arp2/3 crystals were soaked with nucleotides, ATP binding caused the clamp to close but ADP binding did not. 20 However, a recent cocrystal structure of the ADP-Arp2/3 complex (also at 4°C) showed the cleft of Arp3 closed around ADP. 21 Together, these observations suggest a low energetic barrier between the closed and open conformations of Arp3. Much work is needed to determine how the low energetic barrier between these conformations is related to the kinetic and thermodynamic details of Arp2/3 complex activation.
Partial release of the nucleotide in Arp3 simulations suggests multiple potential pathways for dissociation and association of nucleotides
The opening of the nucleotide cleft in the Arp3 simulations allowed the nucleotide to dissociate partially. Three sets of interactions anchor the nucleotide to the cleft, and the order in which these interactions are lost is different in each of the three simulations. This suggests that the binding energy is distributed relatively equally among functional groups of the nucleotide. The dissociation of the adenine and ribose rings from the subdomain 3/4 notch in the ATP-Arp3 and ADP-Arp3 simulations was unexpected, because in crystal structures of the Arp2/3 complex, subdomains 1 and 2 of the Arp2 subunit are completely disordered and nucleotide binds solely through interactions with subdomains 3 and 4, suggesting that much of the binding energy is derived from the interactions with the subdomain 3/4 notch. 20 While the binding affinity of adenosine for actin or any of the actin-related proteins has not been measured, the presence of multiple lowenergy pathways for release is consistent with the idea that the conformational change, which opens the nucleotide cleft, is the rate-limiting step for the release of the nucleotide.
Our simulations showed that ADP was more mobile in the nucleotide cleft of actin than ATP. ADP was not stable in the "standard" conformation observed in all ADP-actin crystal structures currently available. A torsional flip of the O4′-C4′-C5′-O5′ bond changed ADP to the "bent" conformation previously observed in the ADP-Arp2/3 complex crystal structure in which the nucleotide cleft of Arp3 is open. This conformation was proposed to be a "prerelease" ADP conformation. 21 Our results suggest a similar potential role for the bent ADP conformation in actin.
The conformation of Ser14/Thr14 is sensitive to the bound nucleotide but is not coupled to the conformation of the sensor loop on nanosecond timescales
In crystal structures of actin with bound ADP or ATP, the loss of the γ-phosphate allows the P1 loop to move slightly inward and Ser14 to rotate inward toward the cleft. 10, 12 The P1 loop also moves inward in Arp3 in an ADP-bound Arp2/3 complex structure. 21 These changes are accompanied by a flip of the backbone carbonyl of Glu72/Arg79, a residue in a short loop flanking the cleft, which contacts the P1 loop, termed the sensor loop (Fig.  1c) . In the actin ATP → ADP swap simulation, Ser14 immediately rotated into the cleft, suggesting that the conformation of this residue is tightly linked to nucleotide state. However, the sensor loop did not flip, so the conformation of Ser14 is not linked tightly to the conformation of the sensor loop, at least on the timescales investigated here. In the nucleotide-free Arp3 simulations, Thr14 changed rotomers and the sensor loop flipped, but these changes were not correlated on the nanosecond timescale.
In the ADP-Arp3 simulation, Thr14 does not rotate into the cleft. Energetically, this change may not be favored unless the nucleotide cleft is closed. Consistent with this hypothesis, Thr14 is not rotated into the cleft in the ADP-Arp3 structure with an open nucleotide cleft, 20 but the structure of the Arp2/3 complex cocrystallized with ADP showed Arp3 with a closed cleft and Thr14 rotated inward. 21 Therefore, the relay of structural changes initiated by the rotomer state of Ser14/Thr14 may depend on a network of interactions among nucleotide phosphates, water, and protein that exists only when the nucleotide cleft is closed.
The secondary structure of the DNase binding loop is unstable, regardless of nucleotide binding state
In simulations where the DNase binding loop started in a random coil conformation, it remained a random coil regardless of the nucleotide binding state. In the ADP-actin simulation, the DNase loop helix partially unfolded from an α-helix to form a π-helix. The π-helix is rarely seen in crystal structures and is thought to be unstable under most circumstances. 39 The observed instability of the DNase loop α-helix is consistent with crystal structures of nonpolymerizable point mutants of actin, which show that the DNase binding loop is disordered in both ADP-and ATP-bound states. 12 The DNase loop α-helix was also unstable in MD simulations of ADP-actin by other investigators and partially unfolded into either a one-turn α-helix or a five-residue π-helix over 50 ns. 29 The overall instability of the α-helix in these simulations agrees with our observations, but the partial unfolding was slower. This difference probably stems from the higher temperature used in our simulations (37 versus 27°C).
The cumulative results of actin MD simulations and crystal structures from multiple labs are consistent with an analysis by Rould et al., which indicated that nucleotide-dependent folding of the DNase binding loop in the 1J6Z structure is caused by intermolecular propagation of the sensor loop flip through crystal packing interactions. 12 This leaves open the question of why ADP-actin and ATP-actin exhibit distinct biochemical properties. The flip of the sensor loop upon loss of the γ-phosphate is the most consistent difference between ATP-actin and ADP-actin and Arps in crystal structures, but it is unclear how this change relays the nucleotide state to other parts of the molecule. Clearly, much is yet to be learned about the relationship between nucleotide binding and conformation in these proteins.
Val159/174 and back door phosphate release
Val159/174 in the P2 loop hydrogen bonds directly to the γ-phosphate. Mutational analyses of yeast actin showed that Val159 plays a role in linking the nucleotide state to large-scale conformational changes in actin subunits within filaments. 16 This residue has been observed in both up and down positions in actin and Arp3. 13, 21 In the down position, its backbone amide hydrogen bonds to the γ-phosphate and its side chain blocks the "back door" for phosphate release as proposed. 28 We previously hypothesized that as the γ-phosphate moves away from the β-phosphate after hydrolysis, it stays hydrogen bonded to Val159/174 as this residue flips up to open the back door. 21 After the back door opens, the phosphate could exit without opening of the nucleotide cleft, a requirement necessitated by the observation that phosphate, but not nucleotide, can exchange in filamentous muscle actin. In two of our simulations, the valine switched between up and down conformations rapidly, suggesting a relatively lowenergy barrier between the two positions. However, we expected that the valine would be more likely to occupy the down position in ATP-containing simulations in order to maintain the hydrogen bond to the γ-phosphate and to occupy the up position in the ADP simulations, where no γ-phosphate was present. While this is consistent with crystal structures, which show that the nucleotide state is not tightly linked to the conformation of this valine, it leaves an open question about how hydrolysis could favor the opening of the back door.
Calcium occupies three positions in the nucleotide clefts of actin and Arp3 that influence nucleotide dynamics
The identity of the divalent cation influences numerous aspects of actin function, including its critical concentration, 40 affinity for ADP or ATP, 41 and rate of ATP hydrolysis. 2 While no biochemical information addresses the effect of divalent cations on Arp3 and Arp2, differences in crystal structures containing magnesium or calcium indicate that the identity of the divalent may also be critical in the Arp2/3 complex. 21 In our initial simulations, the calcium tended to interact directly with negatively charged residues in the nucleotide cleft rather than indirectly through a sphere of water as seen in crystal structures of actin. After the charge on the calcium was adjusted, the simulations placed the calcium in three sites, which affected the position of the phosphates and their orientation relative to the phosphate clamps. Interestingly, the lower charge on the calcium did not affect the overall propensity of Arp3 to open, but the trajectories of divalent cation, nucleotide, and protein differed significantly in the simulations with Ca +1.2 and Ca +2.0 . While speculation about how population of each divalent site in our simulations might influence biochemical properties is premature, we point out the importance of this detail in analyzing any actin simulation.
Implications for understanding Arp2/3 complex function
No ATPase activity has been detected for Arp3, but fluorescence resonance energy transfer experiments showed that ATP binding to Arp3 causes a conformational change. 42 The opening and closing of the cleft of Arp3 may play a critical role in Arp2/3 complex function. Reconstructions of the Arp2/3 complex at filament branch junctions from electron micrographs show Arp3 in a closed conformation, similar to that observed in crystal structures of the Arp2/3 complex with bound ATP. 43 The tendency of Arp3 to populate open states may play a role in keeping the Arp2/3 complex inactive until bound to nucleating promoting factors at a branch. Because the C-terminus favors cleft opening, it may be displaced from the barbed-end groove of Arp3 during activation of the Arp2/3 complex. Clearly, there is much to be learned about how the nucleotide states of Arp2 and Arp3 are involved in branching.
Simulation Methods
Coordinates of the crystal structure of rabbit skeletal muscle actin with bound adenosine-5′-imidotriphosphate and a rhodamine label on Cys374 were obtained from the PDB (accession code 1NWK). 11 We removed rhodamine, surface calcium ions, and water molecules and converted the nonhydrolyzable adenosine-5′-imidotriphosphate to ATP. We modeled certain features from other crystal structures. We based the DNase binding loop on the open profilin-actin structure (PDB accession code 1HLU), 14 the N-terminus on the DNase-actin crystal structure (PDB accession code 1ATN), 44 and the C-terminus on the gelsolinactin structure (PDB accession code 1ESV). 45 The CHARMM topology file (version 27) was modified to accommodate the N-terminal acetyl-aspartate and the methylated histidine (His73). ADP-actin was prepared in a similar manner from the 1J6Z 10 structure with the same sources for the N-and C-termini. Coordinates for Arp3 were taken from the apo-Arp2/3 crystal structure (PDB accession code 1K8K), 19 the ADP-soaked crystals (PDB accession code 1U2V), 20 or the ATP-soaked crystals (PDB accession code 1TYQ). 20 The DNase binding loop of 1HLU was appended to the Arp3 structures after mutating residues to match Arp3 and adding the extra eight residues inserted into Arp3 in this region. The N-and C-termini of 1U2V were used to model missing residues at the termini of Arp3 in 1K8K and 1TYQ. Newly built portions of the starting models were refined using the refi_zone command in the software program O.
We used the Visual Molecular Dynamics (VMD) software package 46 to add hydrogen atoms to actin and Arp3. Proteins were completely resolvated using a variation on the VMD solvate package. The solvate package creates a box of water of specified
